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In this Letter, we indicate the possibility of using the decay of polarized muons at rest (DPMaR) as a
source of the transversely polarized electron antineutrino beam. Such a beam could be used to probe new
effects beyond standard model such as: time reversal violation, existence of right-chirality (anti)neutrinos.
The (anti)neutrinos are assumed to be Dirac fermions with non-zero mass. We analyze a scenario with
the participation of the complex exotic vector, scalar and tensor couplings of the right-chirality electron
antineutrinos in addition to the standard vector coupling of the left-chirality ones. We show that the
energy–angle distribution of the electron antineutrinos from the DPMaR depends on the interference
terms between standard and exotic couplings, which are proportional to the transverse components of
the antineutrino spin polarization and independent of a antineutrino mass. It allows to calculate the ﬂux
of electron antineutrinos and the expected number of recoil electrons in the elastic antineutrino–electron
scattering (νee−), where the incoming antineutrino beam comes from the DPMaR and is transversely
polarized. Our analysis is model-independent and consistent with the current upper limits on the non-
standard couplings. The results are presented in a limit of inﬁnitesimally small mass for all particles
produced in the muon decay.
© 2012 Published by Elsevier B.V.Open access under CC BY license.1. Introduction
Decay of polarized muon at rest is the appropriate process
to test the time reversal violation (TRV) and space–time struc-
ture of the leptonic charged weak interactions. It may also be
an important source of information on the right-chirality neutri-
nos. According to the Standard Model (SM) [1–3], the dominant
weak interaction responsible for the DPMaR has a vector-axial
(V-A) structure [4], which has been conﬁrmed by precise mea-
surements of the electron observables and of the neutrino energy
spectrum. It is worthwhile remarking the high-precision measure-
ment of the angle–energy spectrum of positrons made recently by
TWIST Collaboration [5] and the KARMEN experiment [6], in which
the energy distribution of electron neutrinos emitted in positive
muon decay at rest has been measured. Although the SM agrees
with the experimental results, there are numerous theoretical rea-
sons for which SM cannot be viewed as a ultimate theory. The
standard theory does not clarify why parity is violated in the weak
interaction and what is the mechanism behind this violation. The
maximal parity violation is empirically based. The another funda-
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Open access under CC BY license.mental problem is impossibility of explaining the observed baryon
asymmetry of Universe [7] through a single CP-violating phase of
the Cabibbo–Kobayashi–Maskawa quark-mixing matrix (CKM) [8].
Presently the CP violation is observed only in the decays of neu-
tral K- and B-mesons [9]. This situation has led to the appear-
ance of various non-standard schemes, in which the exotic V + A,
scalar (S), tensor (T), pseudoscalar (P) couplings of the interacting
right-chirality neutrinos and new CP-breaking phases can appear.
We mean left–right symmetric models (LRSM) [10,11], composite
models (CM) [12], leptoquarks models (LQ) and the models with
extra dimensions (MED) [13]. In the MED all the particles of the
SM are trapped on the three-brane, while the right-chirality neu-
trinos can move in the extra dimensions. This mechanism explains
why the interactions of right-chirality neutrinos with the SM par-
ticles are extremely small and have never been observed so far.
The problem of the nature of leptonic weak interactions plays
a key role in the context of non-vanishing neutrino masses pre-
dicted by the neutrino oscillation experiments and of possible
lepton-number violation. Admittance of the S, T, P interactions also
allows to test the possibility of lepton-number violation in the
muon decay. However, if the ﬁnal neutrinos are massless and un-
observed, the lepton-number-violating effects cannot be observed
in the electron observables [14].
One should clearly stress that both electron observables and
energy spectrum of (anti)neutrinos include mainly the contribu-
tions from the squares of coupling constants of the right-chirality
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plings, that are both very tiny. Although the transverse electron
(positron) polarization contains the interference terms between
the standard vector and non-standard scalar couplings, but unfor-
tunately both antineutrino and neutrino are left-chirality. In the
mentioned above observables, all the eventual interference terms
between the standard and exotic couplings are strongly suppressed
by a tiny νe mass. In such a situation, it seems meaningful to
search for new quantities with the linear terms from the exotic
couplings obtained in model-independent way. It would allow to
compare various non-standard gauge-model predictions with ex-
periments. Moreover, interference effects would be larger than the
quadratic contributions of exotic couplings at the same experi-
mental precision. We mean neutrino observables consisting only
of the interference terms between the standard coupling of left-
chirality neutrinos and exotic couplings of the right-chirality ones
and independent of the neutrino mass. These quantities would also
make it possible to look for the non-standard T-violating phases. In
this Letter, an analysis of electroweak interactions Standard Model
structure is carried out for the possibility of testing its limit effects.
One of the main goals is to show how the presence of exotic vector,
scalar, tensor couplings of the right-chirality electron antineutrinos
(νe) in addition to the standard vector coupling of the left-chirality
ones affects the energy–angle distribution of the νe from the DP-
MaR. Having the spectral function, we calculate the ﬂux of νe , both
for the SM prediction and for the case of mixture of the left- and
right-chirality νe . The other purpose is to calculate the azimuthal
distribution of the recoil electrons from the νee− scattering, when
the incoming transversely polarized νe beam comes from the DP-
MaR. It allows to ﬁnd the expected event number for assumed
detector conﬁguration. Our analysis is model-independent and the
calculations are made in the limit of inﬁnitesimally small mass for
all particles produced in the DPMaR. The density operators [15]
for the polarized initial muon and for the polarized outgoing νe
are used, see Appendix A. We use the system of natural units with
h¯ = c = 1, Dirac–Pauli representation of the γ -matrices and the
(+,−,−,−) metric [16].
The Letter is organized as follows: Section 2 contains the basic
assumptions, notation used for description of the polarized muon
decay. In Section 3 we present the formula for the angle–energy
distribution of νe from the DPMaR. In Section 4 the scattering of
the transversely polarized νe beam from the DPMaR on the unpo-
larized electron target is analyzed. Last section gives conclusions.
Appendix A includes the formulas for the four-vector νe polariza-
tion and density operator used in calculations.
2. Basic assumptions – polarized muon decay at rest
We assume that the DPMaR (μ− → e− +νe +νμ) is a source of
the νe beam. One ought notice that if one takes into account the
positive muon decay (μ+ → e+ +νμ +νe), the conclusions will be
the same as for the μ− decay.
We admit a presence of the exotic scalar gSLR , g
S
LL , tensor g
T
LR
and vector gVRL, g
V
RR couplings in addition to the standard vector
gVLL coupling. It means that the outgoing νe ﬂux is a mixture of
the left-chirality νe produced in the gVLL weak interaction and the
right-chirality ones produced in the gSLR,LL , g
T
LR , g
V
RL,RR weak in-
teractions. As our analysis is carried out in the limit of vanishing
νe mass, the left-chirality νe has positive helicity, while the right-
chirality one has negative helicity, see [17]. The muon neutrino
is left-chirality for the gVLL , g
S
LR , g
T
LR couplings (negative helic-
ity, when mνμ → 0), and right-chirality for the gVRR , gSLL couplings
(positive helicity, when mνμ → 0). In the SM, only gVLL is non-zero
value. Because we allow for the non-conservation of the combinedFig. 1. Figure shows the production plane of the νe for the process of μ− → e− +
νe + νμ , η⊥ν – the transverse polarization of the outgoing antineutrino.
symmetry CP, all the coupling constants are complex. The ampli-
tude is of the form:
Mμ− = GF√
2
{
gVLL
(
ueγα(1− γ5)vνe
)(
uνμγ
α(1− γ5)uμ
)
+ gVRL
(
ueγα(1+ γ5)vνe
)(
uνμγ
α(1− γ5)uμ
)
+ gVRR
(
ueγα(1+ γ5)vνe
)(
uνμγ
α(1+ γ5)uμ
)
+ gSLR
(
ue(1+ γ5)vνe
)(
uνμ(1+ γ5)uμ
)
+ gSLL
(
ue(1+ γ5)vνe
)(
uνμ(1− γ5)uμ
)
+ g
T
LR
2
(
ueσαβ(1+ γ5)vνe
)(
uνμσ
αβ(1+ γ5)uμ
)}
, (1)
where vνe and ue (uμ and uνμ ) are the Dirac bispinors of
the outgoing electron antineutrino and electron (initial muon
and ﬁnal muon neutrino), respectively. GF = 1.1663788(7) ×
10−5 GeV−2(0.6 ppm) (MuLan Collaboration) [18] is the Fermi
constant. The coupling constants are denoted as gVLL,RL,RR and
gSLR,LL, g
T
LR respectively to the chirality of the ﬁnal electron and
initial stopped muon. The initial muon is at rest and polarized.
The unit vector in the LAB system ηˆμ denotes the muon polar-
ization for a single muon decay. The production plane is spanned
by the direction of the muon polarization ηˆμ and of the outgoing
electron antineutrino LAB momentum unit vector qˆ, Fig. 1. As is
known, in this plane, the polarization vector ηˆμ can be expressed,
with respect to the qˆ, as a sum of the longitudinal component of
the muon polarization (ηˆμ · qˆ)qˆ and transverse component of the
muon polarization η⊥μ , that is deﬁned as η⊥μ = ηˆμ − (ηˆμ · qˆ)qˆ.
By ηˆν , (ηˆν · qˆ)qˆ, and ηˆ⊥ν we denote the unit polarization vector,
its longitudinal component, and transverse component of the out-
going νe in its rest system, respectively, Fig. 1. Then, ηˆν · qˆ = +1
is the polarization longitudinal component of the left-chirality νe
for the standard gVLL coupling, while ηˆν · qˆ = −1 is the polariza-
tion longitudinal component of the right-chirality νe for the exotic
gS,TLR , g
S
LL , g
V
RL,RR couplings.
3. Energy–angle distribution of electron antineutrinos
The formula for the energy and angular distribution of the νe
coming from the DPMaR is of the form:
d2Γ
dy dΩν
=
(
d2Γ
dy dΩν
)
(V )
+
(
d2Γ
dy dΩν
)
(S+T )
+
(
d2Γ
dy dΩ
)
+
(
d2Γ
dy dΩ
)
, (2)ν (V RL+V RR ) ν (V S+V T )
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d2Γ
dy dΩν
)
(V )
= G
2
Fm
5
μ
128π4
{∣∣gVLL∣∣2 y2(1− y)(1+ ηˆν · qˆ)
× (1+ ηˆμ · qˆ)
}
, (3)(
d2Γ
dy dΩν
)
(S+T )
= G
2
Fm
5
μ
3072π4
(1− ηˆν · qˆ)
∣∣gSLR ∣∣2 y2
×
{[
(3− 2y) − (1− 2y)ηˆμ · qˆ
]
+
∣∣∣∣ gSLLgSLR
∣∣∣∣
2[
(3− 2y) + (1− 2y)ηˆμ · qˆ
]
+ 4
∣∣∣∣ gTLRgSLR
∣∣∣∣
2[
(15− 14y) − (13− 14y)ηˆμ · qˆ
]
+ 4Re
(
gT∗LR
gS∗LR
)[
(4y − 3) − (4y − 5)ηˆμ · qˆ
]}
,
(4)(
d2Γ
dy dΩν
)
(V RL+V RR )
= G
2
Fm
5
μ
768π4
(1− ηˆν · qˆ)y2
{∣∣gVRL∣∣2[(3− 2y)
+ (1− 2y)ηˆμ · qˆ
]
+ 6∣∣gVRR ∣∣2(1− y)(1− ηˆμ · qˆ)}, (5)(
d2Γ
dy dΩν
)
(V S+V T )
= G
2
Fm
5
μ
256π4
y2(1− y)
× {[Re(gVLL gS∗LR)− 6Re(gVLL gT∗LR )](η⊥ν · ηˆμ)
+ [Im(gVLL gS∗LR)− 6 Im(gVLL gT∗LR )]
× η⊥ν · (qˆ× ηˆμ)
}
. (6)
Here, y = 2Eνmμ is the reduced νe energy for the muon mass mμ ,
it varies from 0 to 1, and dΩν is the solid angle differential for νe
momentum qˆ.
Eq. (6) includes two interference terms between the standard
gVLL and exotic g
S
LR , g
T
LR couplings, so it is linear in the exotic cou-
plings contrary to Eqs. (4) and (5). It is necessary to point out that
the above formula is presented after the integration over all the
momentum directions of the outgoing electron and muon neutrino.
If the ηˆμ · qˆ = 0 the interference part can be rewritten in the
following way:(
d2Γ
dy dΩν
)
(V S+V T )
= G
2
Fm
5
μ
256π4
∣∣η⊥ν ∣∣∣∣η⊥μ∣∣∣∣gVLL∣∣∣∣gSLR ∣∣
×
{
cos(φ − αV S)
− 6
∣∣∣∣ gTLRgSLR
∣∣∣∣ cos(φ − αV T )
}
y2(1− y), (7)
where φ is the angle between the direction of η⊥ν and the direction
of η⊥μ only, cf. Fig. 1; αV S ≡ αLLV − αLRS , αV T ≡ αLLV − αLRT are the
relative phases between the gVLL and g
S
LR , g
T
LR couplings.
It can be noticed that the relative phases αV S , αV T different
from 0, π would indicate the CP violation in the CC weak in-
teraction. We see that in the case of the transversely polarized
antineutrino beam coming from the polarized muon decay, the
interference terms between the standard coupling gVLL and exotic
gS,TLR couplings do not vanish in the limit of vanishing electron-
antineutrino and muon-neutrino masses. This independence of the
neutrino mass makes the measurement of the relative phasesTable 1
Current limits on the non-standard couplings.
Coupling constants SM Current limits
|gVLL | 1 > 0.960
|gVLR | 0 < 0.025
|gVRL | 0 < 0.104
|gVRR | 0 < 0.031
|gSLL | 0 < 0.550
|gSLR | 0 < 0.074
|gSRL | 0 < 0.412
|gSRR | 0 < 0.062
|gTLL | 0 0
|gTLR | 0 < 0.021
|gTRL | 0 < 0.103
|gTRR | 0 0
Fig. 2. Plot of the d
2Γ
dy dΩν
as a function of φ for assigned y = 2/3, when ηˆμ · qˆ = 0,
ηˆν · qˆ = 0.822, |η⊥ν | = 0.570, |η⊥μ| = 1: (a) solid line is for the V–A interaction;
(b) time reversal violation, αV S = π/2,αV T = 3π/2 (long-dashed line); (c) time
reversal conservation, αV S = 0,αV T = π (short-dashed line).
αV S , αV T between these couplings possible. The interference part,
Eq. (7), includes only the contributions from the transverse compo-
nent of the initial muon polarization η⊥μ and the transverse com-
ponent of the outgoing antineutrino polarization η⊥ν . Both trans-
verse components are perpendicular with respect to the qˆ.
Using the current data [19], see Table 1, we calculate the upper
limit on the magnitude of the transverse antineutrino polarization
and lower bound for the longitudinal antineutrino polarization, see
[17]:∣∣η⊥ν ∣∣= 2
√
Q νL
(
1− Q νL
)
 0.570,
ηˆν · qˆ = 2Q νL − 1 0.822, (8)
Q νL = 1−
1
4
(∣∣gSLR ∣∣2 + ∣∣gSLL∣∣2)− 3∣∣gTLR ∣∣2 − ∣∣gVRL∣∣2 − ∣∣gVRR ∣∣2
 0.911, (9)
where Q νL is the probability of the νe to be left-chirality. The above
limits are computed for the normalized values of coupling con-
stants.
Fig. 2 illustrates the possible effect from the terms with inter-
ference between the standard and exotic couplings. We note that
Eq. (3) after integration over all the νe directions (with |gVLL | = 1,
ηˆν · qˆ = +1) is the same as Eq. (7) in [17] (with Q νL = 1, ωL = 0,
ηL = 0, neglecting the masses of the neutrinos and of the electron
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the exotic part with the squared coupling constants survives:
d2Γ
dy dΩν
= G
2
Fm
5
μ
768π4
(1− ηˆν · qˆ)
∣∣gSLR ∣∣2 y2
×
{
(1− y)
(
1+ 28
∣∣∣∣ gTLRgSLR
∣∣∣∣
2
+ 12
∣∣∣∣ gVRRgSLR
∣∣∣∣
2
− 8Re
(
gT∗LR
gS∗LR
))
+ 2
∣∣∣∣ gVRLgSLR
∣∣∣∣
2
+ 1
2
∣∣∣∣ gSLLgSLR
∣∣∣∣
2}
. (10)
However in this case there is always an ambiguity in measurement
of νe direction (systematic error), so a contribution from the stan-
dard left-chirality νe is always present. It means that Eq. (10) is
strongly suppressed.
After the integration of Eqs. (3), (4), (5), (6), the muon lifetime
is as follows:
τ = 192π
3
m5μG
2
F
(
1
A
)
, (11)
where A = |gVLL |2 + 14 (|gSLR |2 + |gSLL |2) + |gVRL |2 + |gVRR |2 + 3|gTLR |2.
Because the muon lifetime observable is measured, so the admit-
tance of the exotic couplings means that the standard coupling gVLL
should be decreased in order to get A = 1.
If the νe beam comes from the unpolarized muon decay, the
energy and angular distribution of the νe consists only of two
parts; standard V and exotic (S + T + V RL + V RR), i.e. Eqs. (3),
(4), (5) for ηˆμ · qˆ = 0. If one puts Eν = mμ/2 (i.e. y = 1) in both
parts, the standard V contribution vanishes, while the exotic one
survives.
It is necessary to stress that the effects coming from the νe
mass and mixing are very small and they may be neglected. In
order to show this we use the ﬁnal density matrix for the mass
states m1, m2 of νe to avoid breaking the fundamental principles
of Quantum Field Theory. We assume that at the νe detector (tar-
get) νe = cos θν1+sin θν2. In this way the differential antineutrino
spectrum is of the form:
d2Γ
dy dΩν
= cos2 θ d
2Γ
dy1dΩν
+ sin2 θ d
2Γ
dy2dΩν
= γ (φ)(V ,S,T )
[
y21(1− y1) + sin2 θ(4− 6y1)
δm2ν
m2μ
+ O
(
δm2ν
m2μ
)]
, (12)
where γ (φ)(V ,S,T ) =
G2Fm
5
μ
256π4
|η⊥ν ||η⊥μ||gVLL ||gSLR | · [cos(φ − αV S) −
6| gTLR
gSLR
| cos(φ − αV T )]. We see that at y1 = 23 the linear contribu-
tion from the mass mixing is absent, besides δm
2
ν
m2μ
is of the order
of 10−19, so this effect is very negligible.
4. Azimuthal distribution of recoil electrons
As the direct measurement of the interfering left- and right-
chirality νe in the DPMaR is impossible, one proposes to use the
elastic νee− scattering as the detection process of new signals.
The electron νe beam from the DPMaR would be scattered off the
unpolarized target-electrons and the azimuthal distribution of the
recoil electrons would be measured. Our analysis is made for the
detector in the shape of ﬂat circular ring, while the νe source is
located in the center of the ring detector and polarized perpen-
dicularly to the ring. To give the expected event number, we needthe following quantities indicated in Table 2. In addition, we must
know the differential cross section for the νee− scattering. The
transition amplitude for this process is of the form:
Mνee =
GF√
2
{(
ue′γ
α
(
cLV − cLAγ5
)
ue
)(
vνeγα(1− γ5)vν ′e
)
+ (ue′γ α(cRV + cRAγ5)ue)(vνeγα(1+ γ5)vν ′e )
+ cRS (ue′ue)
(
vνe (1− γ5)vν ′e
)
+ c
R
T
2
(
ue′σ
αβue
)(
vνeσαβ(1− γ5)vν ′e
)}
. (13)
The all coupling constants are complex and denoted with the su-
perscripts L and R as cL,RV , c
L,R
A , c
R
S , c
R
T respectively to the incoming
νe of left- and right-chirality. We assume that the incoming νe
beam is the mixture of the left-chirality νe ’s detected in the stan-
dard cLV , c
L
A weak interactions and right-chirality ones detected in
the exotic cRS , c
R
T , c
R
V , c
R
A weak interactions. The result of the calcu-
lation performed with the above amplitude takes the form:
d2σ
dye dφe
=
(
d2σ
dye dφe
)
(V−A)
+
(
d2σ
dye dφe
)
(V+A)
+
(
d2σ
dye dφe
)
(S,T )
+
(
d2σ
dye dφe
)
(V S)
+
(
d2σ
dye dφe
)
(AT )
, (14)
(
d2σ
dye dφe
)
(V−A)
= B
{
(1+ ηˆν · qˆ)
[(
cLV − cLA
)2
+ (cLV + cLA)2(1− ye)2
− me ye
Eν
((
cLV
)2 − (cLA)2)
]}
, (15)
(
d2σ
dye dφe
)
(V+A)
= B
{
(1− ηˆν · qˆ)
[(
cRV − cRA
)2
+ (cRV + cRA)2(1− ye)2
− me ye
Eν
((
cRV
)2 − (cRA)2)
]}
, (16)
(
d2σ
dye dφe
)
(S,T )
= B(1− ηˆν · qˆ)
{
1
2
ye
(
ye + 2me
Eν
)∣∣cRS ∣∣2
+
(
(2− ye)2 − me
Eν
ye
)∣∣cRT ∣∣2
− ye(ye − 2)Re
(
cRS c
∗R
T
)}
, (17)
(
d2σ
dye dφe
)
(V S)
= B
{
−4
√
ye
(
ye + 2me
Eν
)
× [η⊥ν · (pˆe × qˆ) Im(cLV cR∗S )
+ (η⊥ν · pˆe)Re(cLV cR∗S )]
}
, (18)
(
d2σ
dye dφe
)
(AT )
= B
{
−2
√
ye
(
ye + 2me
Eν
)
× [η⊥ν · (pˆe × qˆ) Im(cLAcR∗T )
+ (η⊥ν · pˆe)Re(cLAcR∗T )]
}
, (19)
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Parameters of assumed detector conﬁguration.
Detector threshold T the 10 eV
Minimal value of initial antineutrino energy Eminν 1603.44 eV
Number of target-electrons Ne (75 Kton of Fe) 2.097 · 1034
Number of muons decaying per one year Nμ 1021
Eﬃciency of detector for antineutrino energies above threshold  1
Inner radius of detector that is equal to distance
Between antineutrino source and detector R = L 2205 cm
δ 0.01
SD = 4π R2 sin δ 610970 cm2
Table 3
Flux of νe beam and the number of events for mixture of the left- and right-
chirality νe , when time reversal symmetry is violated, i.e. αV S = π/2,αV T =
3π/2, φ − βSV = π/2, φ − βT A = π/2.
Case Φ⊥ν [cm−2 s−1] dNe (t)dφe
V–A 6.21 · 1018 2.39 · 109
Squares of exotic couplings 5.93 · 1016 3.96 · 104
Interferences between standard
and exotic couplings
2.02 · 1017 sin(φ) 5.51 · 105 sin(φe)
ye ≡ Te
Eν
= me
Eν
2cos2 θe
(1+ meEν )2 − cos2 θe
(20)
is the ratio of the kinetic energy of the recoil electron Te to the
incoming antineutrino energy Eν ; B ≡ (Eνme/4π2)(G2F /2); θe is
the angle between the direction of the outgoing electron momen-
tum pˆe and the direction of the incoming νe momentum qˆ (recoil
electron scattering angle); me is the electron mass; φe is the angle
between the production plane and the reaction plane spanned by
the pˆe and qˆ (the azimuthal angle of outgoing electron momen-
tum).
We see that the interference terms, Eqs. (18), (19), between
the standard cLV ,A and exotic c
R
S,T couplings do not depend on
the νe mass and they pertain in the massless νe limit. It can be
noticed that the interferences include only the contributions from
the transverse components of the νe polarization, both T-even and
T-odd:(
d2σ
dye dφe
)
(V S)
+
(
d2σ
dye dφe
)
(AT )
= B∣∣η⊥ν ∣∣
√
me
Eν
ye
[
2−
(
2+ me
Eν
)
ye
]
· {4∣∣cLV ∣∣∣∣cRS ∣∣ cos(φ − βSV − φe)
+ 2∣∣cLA∣∣∣∣cRT ∣∣ cos(φ − βT A − φe)}, (21)
where βSV ≡ βRS − β LV , βT A ≡ βRT − β LA – the relative phases be-
tween the cRS , c
L
V and c
R
T , c
L
A couplings respectively.
Using the available data, we calculate both the ﬂux of νe beam
and the number of events predicted by the SM for cLV = 1−0.0398,
cLA = 1− 0.5064, [19]. (Φ⊥ν )SM = 7.48 · 1018 cm−2 s−1 is the num-
ber of the νe passing through SD in the direction perpendicular to
the ηˆμ .
(dNe(t)/dφe)SM = 3.07 ·109 is the number of the outgoing elec-
trons corresponding to the (Φ⊥ν )SM . In this case there is no de-
pendence on the φe , it means that the azimuthal distribution is
symmetric.
In the case of the mixture of the left- and right-chirality νe , we
get the upper limits on the Φ⊥ν and dNe(t)/dφe , Table 3:
We see that the number of events coming from the interfer-
ence terms depends on the azimuthal angle φe . The above values
are determined for the normalized couplings in the DPMaR (Ta-
ble 1) and experimental values of the couplings in the νee− scat-tering: cLV = 1 + (−0.04 ± 0.015), cLA = 1 + (−0.507 ± 0.014) [19].
The interference effects can be signiﬁcantly enlarged by assuming
10 years of experiment and using ∼ 750kt of iron detector. It is
worth noticing that in the case of non-vanishing electron mass,
new interference between the gVLL and g
V
RL couplings enters the
angle–energy νe distribution and increases the right-chirality νe
contribution. Our analysis is made in the limit of vanishing elec-
tron mass.
5. Conclusions
In this Letter, we have shown that the admittance of the exotic
vector, scalar and tensor charged weak interactions in addition to
the standard vector interaction in the DPMaR generates the inter-
ference terms between the standard left- and exotic right-chirality
νe in the energy–angle distribution of νe . These interferences are
independent of the νe mass. If the interacting left- and right-
chirality νe are produced, the νe polarization vector may acquire a
transversal component, both T-even and T-odd. As the direct mea-
surement of interference effects in the energy–angle νe distribu-
tion is extremely diﬃcult, one proposes to scatter the transversely
polarized νe beam produced in the DPMaR on the unpolarized
electron target. Observation of the azimuthal asymmetry in angular
distribution of the recoil electrons would be a positive evidence for
the existence of the right-chirality νe and would allow to search
for the CP-breaking phases. According to the SM, such a distribu-
tion should be azimuthally symmetric.
We have demonstrated that the eventual effects connected
with the νe mass and mixing in the spectral function are totally
inessential, of the order 10−19.
Using the available experimental data, we have calculated the
ﬂux of νe and the expected event number, both for the SM predic-
tion and for the case of mixture of the L- and R-chirality νe .
The DPMaR may also be used to measure the dependence of
the νe energy spectrum on the ηˆμ · qˆ.
It is worth stressing that searching for the new effects coming
from the exotic weak interactions requires the very intense po-
larized (anti)neutrino sources (1021 muons decaying at rest per
year or more) and large unpolarized target of electrons (1034 or
more), and also long time duration of experiment (more than one
year). In this context, there is the interesting proposal of the ex-
periment with an artiﬁcial tritium source of νe giving the ﬂux
density ∼ 1014 cm−2 s−1 [20]. Moreover, the (anti)neutrino beams
must be well understood (shape and normalization). In addition,
the detectors should have a low threshold and measure both po-
lar angle and azimuthal angle of the outgoing electron momentum
with a high resolution. They must also distinguish the electrons
from various potential background sources; for example, the elec-
tron produced by neutrino–nucleon scattering can give a ﬁnal state
that is often consistent with a single recoil electron coming from
neutrino–electron scattering. This background may be reduced by
the precise measurement of transverse electron momentum. It is
worthwhile mentioning the silicon cryogenic detectors based on
the ionization-into-heat conversion effect and the high purity ger-
manium detectors with the internal ampliﬁcation of a signal in the
electric ﬁeld.
One should point out that the observation of the right-chirality
current interaction is also important for interpreting of results on
the neutrinoless double beta decay [21].
We plan to search for the other polarized (anti)neutrino beams,
which could be interesting from the aspect of observable effects
caused by the exotic interacting right-chirality states. We expect
some interest in the neutrino laboratories working with polarized
muon decay and artiﬁcial polarized (anti)neutrino sources, and
neutrino beams, e.g. KARMEN, PSI, TRIUMF, BooNE.
W. Sobków et al. / Physics Letters B 713 (2012) 258–263 263The experiments measuring neutrino observables will be a real
challenge for experimental groups, but could establish the full
Lorentz structure of the charged current weak interaction, detect
the existence of the right-chirality (anti)neutrinos and of the non-
standard T-violating phases.
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Appendix A. Four-vector antineutrino polarization and density
operator
The formula for the spin polarization 4-vector of massive an-
tineutrino S ′ moving with the momentum q is as follows:
S ′ = (S ′0,S′), (22)
S ′0 = |q|
mν
(ηˆν · qˆ), (23)
S′ = −
(
Eν
mν
(ηˆν · qˆ)qˆ+ ηˆν − (ηˆν · qˆ)qˆ
)
, (24)
where ηˆν – the unit 3-vector of the antineutrino polarization in
its rest frame. The formula for the density operator of the polar-
ized antineutrino in the limit of vanishing antineutrino mass mν is
given by:
lim
mν→0
Λ
(s)
ν = limmν→0
1
2
{[(
qμγμ
)−mν][1+ γ5(S ′μγμ)]} (25)
= 1
2
{(
qμγμ
)[
1− γ5(ηˆν · qˆ) − γ5S ′⊥ · γ
]}
, (26)where S ′⊥ = (0,η⊥ν = ηˆν − (ηˆν · qˆ)qˆ). We see that in spite of the
singularities m−1ν in the polarization four-vector S ′ , the density op-
erator Λ(s)ν remains ﬁnite including the transverse component of
the antineutrino spin polarization [15].
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